The central hilly areas of Sri Lanka underlaid by highly folded and fractured metamorphic rocks of different grades of weathering have a high probability for landslides. Intense precipitation is a major factor contributing to the landslides . Despite repeated occurrences of landslides in Sri Lanka inflicting losses in terms of life and property, very little has been done towards introducing scientific practices for delineating the degrees of hazard, identifying elements at risk, and landslide risk assessment. A National Building Research Organisation (NBRO) has already commenced production of landslide hazard zonation maps (1 : 10,000) covering the areas prone to landslides. The proposed methodology for risk assessment in this paper will facilitate determination of risk through scientific analysis of landslide hazards in future. The demonstration of method was based on a case study carried out at Yatiyantota in Kegalle district. The expected annual total risk cost due to landslide disaster at specific site and/or annual risk cost on specific element at risk (property or person) could be calculated through the given methodology. It may assist in the designing of cost effective solutions and mitigation actions for the area It is also expected to help non-technical decision-makers to assess the situation before taking appropriate futuristic measure. This methodology may be used for assessment of the risk at any specific site in landslide-prone areas in Sri Lanka. Assessment of risk before commencement of major infrastructure development projects and establishment of human settlements in landslide-prone areas based on the risk criterion will be essential for sustainable development of the central hills of Sri Lanka.
Introduction
In Sri Lanka during the last few decades, landslides occur with increasing frequency in the slopes of the central hills. The hilly area underlaid by highly folded, fractured and weathered metamorphic rocks has a high probability for landslides. Intense precipitation is a major factor contributing to the occurrence of land- Landslides are commonest in the central hilly area of Sri Lanka which is generally considered to be land over 300m above the mean sea level. However few landslides occurred in the relatively low hills (100-300 m) of the South-West of Sri Lanka (Fig. 1) . The area is underlain by Precambrian metamorphic rock sequences belonging to the Highland Complex (Cooray 1978 Varnes (1984) , Whitman (1984) , Einstein (1988) , Morgan et al., (1992 ), Fell (1994 , Einstein (1997 ) Fell & Hartford (1997 In Sri Lanka, very little has been done towards introducing scientific practices of landslide risk assessment delineating the degrees of hazard, identifying elements at risk, risk assessment and risk treatment.
Therefore it is desired to develop a practical scientific method to evaluate landslide risk in central hilly areas
and Arambepola (1998) , Arambepola et al., (1999) and Abeysinghe et al., (1998) , (2001) , and (2002a, b) have made the researches. As a product of the risk assessment at specific site or elements at risk (property and person) describing in qualitative terms (high risk, medium risk, low risk etc.) was not sufficient to indicate the severity of damages. Our experience is that it is more important to indicate the Rupee value of damages for policy and decision-makers (non technical) for them to get an idea of the damages occurred. This study describes framework for site-specific landslide risk assessment and can be use in future at any site of the landslide prone hilly areas of Sri Lanka.
Risk assessment can be applied in a number of areas (Ho et al., 2000) . There are ; (a) global risk assessment; to examine the scale of a problem and define the relative contribution of the different components to facilitate formulation of risk management policies and consideration of optimal resources allocation, (b) relative risk assessment ; to determine the priority for follow-up action, (c) site-specific risk assessment ; to evaluate the hazards and level of risk in forms of fatality (or economic or other loss) at a given site, and (d) preparation of hazard or risk mapping ; for hazard zoning or planning control of a region or an area. The overall framework for quantitative risk assessment of slopes and landslides is general and multidisciplinary, consisting of the following activities ; (a) hazard identification and probability of occurrence, (b) identification of the elements at risk, (c) estimation of vulnerability of the elements at risk, and (d) calculation of total risk.
In the overview paper of landslide risk management by Fell & Hartford (1997) , the definition of total risk (Rt) is expected from the number of lives lost, persons injured, damage to property and disruption of economic activity. It is product of specific risk (Rs) and element at risk (E) over all landslides and potential landslides in the study area, given as follows:
(1)
Specific risk (Rs) is product of the annual probability of occurrence (Pa) and the vulnerability (V) for a specific element at risk, given as:
Combining Eqs. (1) and (2) yields the following equation;
From the morphological characteristics, landslide can be divided into four major areas. There are head region, main body, foot and toe. Total risk is sum of the risk on each areas of the landslide and given as equa-
n-Number of areas consider in landslide (here, n =4)
Here, Rt is total risk over all landslide area, R1 is total risk over head region of the landslide (Rt Head) , R2 is total risk over body of the landslide (Rt-Body) , R3 is total risk over foot of the landslide (Rt-Foot) and R4 is total risk over toe of the landslide (Rt-Toe).
Equation (5) can also be written as:
From equation (3) and (6) , following equation is obtained as :
Here, Rt is annual total risk over all landslide area, Pa is the annual probability of hazardous event (the landslide) , V Head , V Body , V Foot and V Toe are vulnerability of the elements at risk on respective areas of the landslide, E Head, E Body , E Foot and E Toe are elements at risk on respective areas of the landslide.
The elements at risk (E) can be divided to two major group ; property and person. Also the element at risk (E) can be quantified by placing a Sri Lankan rupee value or some other form of value (U. S. Dollar or Japanese Yen) on them. Then risk (R) becomes a risk cost (Re) and total risk (Rt) become a total risk cost (Rt-c). In here Rt is the annual total risk cost, or annualized total risk cost, of the expected losses from the landslide hazard and equation (7) can also be written as :
Here, Rt-c is annual total risk cost over all landslide area, Pa is the annual probability of hazardous event When assessing risk on specific element, (e.g. house at foot of the landslide or person living at house on body of the landslide etc.) , it is easier and more likely to be accurate to consider the conditional probabilities.
In terms of conditional probability, the risk to given specific property and individual person may be defined as follows (Morgan et al., 1992) and can be use for landslides in Sri Lanka ;
For specific property ;
Yushiro IWAO and Senerath BANDARA : Development of a risk assessment methodology for landslides in Sri Lanka (9) Where, R (PD) is the risk (annual loss of property value) , P (H) is the annual probability of hazardous event (the landslide) , P (S/H) is the probability of spa tial impact (of the landslide impacting the property), V (P/S) is the vulnerability of the property (proportion of property value lost) , E is the element at risk (e.g. the value of the property). For individual person ;
Where, R (DI) is the risk (annual probability of loss of life to an individual) , P (H) is the annual probability of hazardous event (the landslide) , P (S/H) is the prob ability of spatial impact (of the landslide impacting a building) , P (T/S) is the probability of temporal im pact (of the building being occupied), V (L/T) is the vulnerability of the individual (probability of loss of life of the individual given impact). selected for further studies and assessment of risk.
The detailed field investigation was helped to identify probable landslide boundary, failure mechanism and type as a landslide with debris flow. In Figure 3 , the potential landslide area Part (A) in Section (I) is shown. Figure 4 shows the cross section along the line A-B of the Part (A) area.
Assessing the probability of landsliding (particular for an un-failed natural slope) is difficult in involves much uncertainty and judgments. In recognition of this uncertainty, it has common practice to report the probability of landsliding using qualitative terms such as very likely, likely, unlikely or very unlikely. When qualitative terms used in describe landslide likelihood should be made indicative probability and link them.
An example of empirical link is given in Table 2 and 
Elements at Risk
In the overview paper of the IUGS working group on landslides (1997) , the definition of elements at risk is meaning the population, buildings and engineering works, economic activities, public services utilities and infrastructure in the area potentially affected by landslides. In more detailed the elements at risk will in- When the probable landslide boundary is superimposed with the human settlements and infrastructure of the area, it was observed that (Part (A) of Section I)
following humans and properties are vulnerable to future landslide events ( Fig. 3 and Table3 ). There were 107 persons, 3 retails shops, 9 houses, church, foot path, telephone exchanger and road approximately 125m
long. The property value is taken by considering the land, type and condition of the property. Although humans can not be valued, since study required a figure to calculate the amount of Rupees 150000.00 are considered. It is an amount paid by insurance and average was considered.
Estimation of Vulnerability
Vulnerability (V) is the degree of loss to a given element or set of elements within the area affected by the landslide hazard. It is expressed as a scale of 0 (no loss) to 1 (total loss). For property, the loss will be the value of the damage relative to the value of the property ; for persons, it will be the probability that a particular life will be lost, given the persons is affected by the landslide (IUGS working group on landslides, 1997).
Although the state of the art for identifying the elements and their economic value is relatively well developed, the state of the art for assessment of vulnerability is in general primitive. This may be determined in terms of damage function or more simply estimated single values, which are likely to have been determined from previous experience or judgment (TUGS working group on landslides, 1997). Vulnerabilities of property and persons in the study area were esti- 
Calculation of Total Risk Cost
Rt-c is the annual total risk cost, or annualized total risk cost, of the expected losses from the landslide hazard and could be calculated from the equation (8), using data from section 4.1, 4.2 (Table 3 ) and 4.3 (Table 4) . Rt-c=0.5311625Rs. Million Therefore annual total risk cost, or annualized total fore the temporal probability is 1.0, V (P/S) is the vulnerability of the property (proportion of property value lost) from the Table4 and vulnerability for property at foot of the landslide area is 0.4, E is the element at risk (eg. The value of the property) from the Table 3 and the value of house is Rs. 700000.00. Here, R (DI) is the risk (annual probability of loss of life to an individual) , P (H) is the annual probability of hazardous event (the landslide) and annual probability for landsliding in part (A) area is 0.5 P (S/H) is the probability of spatial impact (of the landslide impacting a building) to the house at directly on path of the landslide (body) and the temporal probability is 1.0, P (T/S) is the probability of temporal impact (building Yushiro IWAO and Senerath BANDARA : Development of a risk assessment methodology for landslides in Sri Lanka being occupied) to the most of house holders in the area living at house only in the night and temporal probability is 0.5, V (L/T) is the vulnerability of the individual (probability of loss of life of the individual given impact) from Table 4 and vulnerability for person at body area of the landslide is 0.5. Though the humans can not be valued, since calculation of risk cost required a value, the amount of Rupees 150000.00 per person is considered. It is the average amount paid by insurance.
R ( 2) The proposed methodology for risk assessment given in this paper will facilitate determination of risk through scientific analysis of landslide hazards in future. The expected annual total risk cost due to landslide disaster at specific site and/or risk cost on specific element at risk (property and/or person) due to landslide disaster could be calculated through the given methodology. It may assist in the designing of cost effective solutions and mitigation actions for the area. It is also expected to help non-technical decision-makers to assess the situation before taking appropriate futuristic measure.
3 ) This methodology may be used for assessment of the risk at any specific site in the landslide-prone areas of Sri Lanka provided that sufficient basic data is available for assessment. criterion is desired to be considered as an essential factor for sustainable development in areas prone to landslides in hilly areas of Sri Lanka. In addition, awareness creation on appropriate mitigation measures and cost effective solutions to reduce the impact of landslide hazard will also be necessary.
